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Congestive heart failure is a common syndrome with high mortality in its advanced stages. Current therapy includes the
use of vasodilator drugs, which have been shown to prolong life. Despite current therapy, mortality remains high in
patients with severe heart failure. Potent new inotropic vasodilators have improved ventricular performance but have not
prolonged life in patients with end-stage heart failu-re. Serious arrhythmias are implicated in the sudden deaths of30% to
40% of patients with severe heart failure, but the benefits of antiarrhythmic therapy have not been established. Upcoming
trials will address this question. Ventricular remodeling and progressive dilatation after myocardial infarction commonly
lead to congestive heart failure; early unloading of the ventricle with an angiotensin-converting enzyme inhibitor may
attenuate these events. These findings support the concept that angiotensin-converting enzyme inhibitors may be useful
in managing heart failure of all degrees of severity, including left ventricular dysfunction and end-stage heart failure. Part
of the damage that may occur with acute myocardial infarction, particularly in this era of thrombolysis therapy, is
reperfusion injury, which may be mediated by oxygen-derived free radicals. Better knowledge of the mechanisms and
treatment of myocardial infarction, the leading cause of congestive heart failure, may help prevent or attenuate the
development of this syndrome.
(Parmley WW, Chatterjee K, Francis GS, Firth BG, Kloner RA: Congestive heart failure-New frontiers. West J Med 1991 Apr; 154:427-441)

W ILLIAM W. PARMLEY, MD*: Each year, congestive
heart failure, a syndrome affecting about 3 million

persons or about 1% of the population, develops in about
400,000 Americans.1 By age 75, the prevalence of this syn-
drome rises to about 10%. Congestive heart failure is now the
most common hospital discharge diagnosis among patients
older than 65 years. Over the past several years, the inci-
dence and prevalence of this syndrome appear to have in-
creased while mortality from cardiovascular diseases has
progressively declined. This presumably reflects the fact that
more people are living to ages when congestive heart failure
becomes more prevalent.

In the Framingham study, five-year mortality after con-
gestive heart failure developed was about 60% in men and
45% in women.2 Currently about 50% of patients with class
IV heart failure (symptoms at rest) die within a year. Death is
sudden in about 40% of patients, indicating that severe ar-
rhythmias also play an important role.3

Current therapy for congestive heart failure includes sev-
eral steps, as outlined in Table 1. First, the cause of the heart
failure should be determined to set the stage for appropriate
therapy. Second, the relative importance ofdiastolic dysfunc-
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tion must be evaluated. If this dysfunction is the primary
pathophysiology, therapy must be chosen accordingly. Third,
appropriate surgical correction should also be considered.
This may include valve replacement to treat pressure or vol-
ume overload or revascularization procedures to treat severe
widespread ischemia contributing to the heart failure.
Fourth, nonpharmacologic approaches, such as reducing salt
intake and physical and emotional stress, should be consid-
ered. Nonpharmacologic approaches usually do not produce
major changes in the degree of heart failure but may offer
some benefit.

Fifth, pharmacologic therapy should be considered. Re-
cent data suggest that the use of diuretics, digoxin, or vasodi-
lators can be considered as first-line therapy and that combin-
ing these three classes produces maximal hemodynamic
effects.4`6 Depending on the first agent chosen, either or both
of the other two classes of drugs may be added as necessary.
Because vasodilators have prolonged life in patients with
moderate4 to severe' heart failure, their use should be consid-
ered for all forms of congestive heart failure. If these agents
produce insufficient hemodynamic benefits, the potent new
inotropic agents should be considered.7 For patients with
dilated cardiomyopathy, some data suggest that administer-
ing ,3-blockers like low-dose metoprolol may produce some
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benefit.8 The patient group likely to benefit most from this
approach has not yet been identified but may include those
with excess tachycardia. Antiarrhythmic therapy is of uncer-
tain benefit.9 In view of this uncertainty, it is at least reason-
able to attempt to reduce such proarrhythmic factors as elec-
trolyte imbalance and ischemia and to avoid the use of potent
inotropic agents when possible.

Finally, if all these measures are inadequate, heart trans-
plant should be considered for appropriate patients. Trans-
plant patients have a dramatic reduction in mortality com-
pared with the pool of patients with end-stage heart failure
from which they are selected. IO More important, transplants
improve the quality of life considerably. A limited availability
of donor hearts restricts transplant candidates to patients
meeting general criteria, including terminal heart disease; no
diabetes mellitus or other systemic disease; age younger than
55 to 65; good renal, pulmonary, and hepatic function; no
active infection or ulcer disease; no pulmonary hyperten-
sion or severe peripheral vascular disease; and psychosocial
stability. I0

Despite these demonstrated benefits of conventional ther-
apy for congestive heart failure, many new frontiers remain
to be explored. This conference explores four important cur-
rent questions regarding the management of congestive heart
failure. In the first section, Kanu Chatterjee, MD, considers
the value ofthe potent new positive inotropic agents and their
potential for doing harm. In the second section, Gary Fran-
cis, MD, explores the problem of sudden death in patients
with severe congestive heart failure. Do antiarrhythmic
agents or other interventions have any place in the care of
these patients? In the third section, Brian Firth, MD, dis-
cusses the importance of attenuating the development of con-
gestive heart failure following myocardial infarction. Can
vasodilator therapy with angiotensin-converting enzyme in-
hibitors prevent the dilatation and remodeling that occur after
myocardial infarction and that then lead to end-stage heart
failure? In the fourth section, Robert Kloner, MD, in collabo-
ration with Karin Przyklenk, MD, discusses an important
issue in the thrombolytic era-whether reperfusion damage
to the heart can be limited following successful thrombolytic
therapy in acute myocardial infarction. A better understand-
ing of these four issues will clearly influence our future ap-
proach to patients with congestive heart failure.

TABLE 1.-Steps in the Management of
Congestive Heart Failure

Determine cause
Evaluate importance of diastolic dysfunction
Correct surgically, where possible
Nonpharmacologic therapy

Restrict salt intake
Reduce physical and emotional stress

Pharmacologic therapy
Begin with vasodilator, diuretic, or digoxin
Add other 2 as necessary

Special considerations
0-Blocker for dilated cardiomyopathy

Promise and Problems of
New Inotropic Agents
KANU CHATTERJEE, MB, FRCP*: The pharmacotherapeutic
management of congestive heart failure has progressed con-

siderably in the past two decades. Whereas diuretics and
digitalis were the only drugs available for many years, vaso-
dilators, including angiotensin-converting enzyme inhibi-
tors, have now been added to the armamentarium. Vasodila-
tors, especially angiotensin-converting enzyme inhibitors,
have been shown to improve the prognosis of patients with
moderate4 to severe' congestive heart failure and should al-
ways be considered for the management of these patients.

Mortality, however, remains high in the sizable propor-
tion of patients who fail to respond or become refractory to
vasodilator therapy. In addition, unacceptable complications
develop in some patients or they cannot tolerate vasodilators
or angiotensin-converting enzyme inhibitors. Thus, the
search continues for new therapeutic strategies and pharma-
cologic agents, including inotropic drugs. In this section I
describe newer nonglycosidic inotropic drugs in clinical use
or undergoing clinical trials in patients with heart failure.

Classification and Mechanisms of Action of
Nonglycosidic Inotropic Drugs

The primary mechanism for increased contractility is in-
creased intracellular calcium concentration or increased re-
sponsiveness of myofilaments to calcium. The two broad
categories of nonglycosidic inotropic drugs, adrenergic and
nonadrenergic agents, modulate calcium concentration and
sensitivity by different mechanisms. Adrenergic agents in-
clude dopamine, dobutamine, dopexamine, propylbutyldo-
pamine, bromocriptine, fenoldopam, ibopamine, levodopa,
butopamine, denopamine, colforsin (forskolin), pirbuterol,
albuterol (salbutamol), and xamoterol. Nonadrenergic
agents include amrinone, enoximone, imazodan (CI-914),
milrinone, pimobendan, piroximone, sulmazole, vesna-
rinone (OPC-8212), VD-CA 115, and VD-CA 212.

Mechanisms ofAction ofAdrenergic Agents
The pharmacophysiologic effects ofthe adrenergic agents

result from an activation of the various subtypes of adreno-
receptors.

fi-Adrenoreceptors. The activation of myocardial I3-

adrenoreceptors, which stimulates the adenylate cyclase-
cyclic adenosine monophosphate (cAMP) system and pro-
motes calcium influx, is associated with increased contractil-
ity. II Cardiac cAMP production can be increased by activat-
ing the catalytic unit of the adenylate cyclase system without
stimulating 131-receptors. This appears to be the primary
mechanism ofaction ofsome adrenergic inotropic drugs such
as colforsin. 2 The activation of non-fl-receptors, such as

glucagon receptors, is also associated with increased cAMP
production.

Studies indicate that the activation of the 0l2-receptors
found in human myocardium results incAMP production and
increased contractility,"3 but fl2-receptor agonists also stimu-
late ,82-receptors in peripheral vascular beds and induce pe-
ripheral vasodilatation. Activation of the 0,2-receptors found
on prejunctional nerve terminals facilitates the release of
neurotransmitters14 and may also contribute to peripheral
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428 CONGESTIVE HEART FAILURE



THE WESTERN JOURNAL OF MEDICINE

vasodilatation. Thus, $2-receptor agonists have the potential
to enhance contractility and decrease left ventricular after-
load.

ox-Adrenoreceptors. The activation of myocardial a1-
adrenergic receptors is also associated with enhanced con-
tractility,"5 but such stimulation does not increase adenylate
cyclase activity. It has been proposed that alterations in the
polyphosphoinositide second-messenger system may medi-
ate the action of myocardial ai-receptors. At present, the
existence and relevance of ca1-receptors in human myocar-
dium remain uncertain. Furthermore, currently available ad-
renergic agonists also activate peripheral ai-receptors. The
activation of a1-receptors in postganglionic effector cells is
associated with a contraction of vascular and nonvascular
smooth muscles.16 The stimulation of a2-receptors inhibits
neuronal release of the neurotransmitters, and the activation
of postjunctional a2-receptors induces vasoconstriction.1
Thus, the clinical use of a-agonists is limited to the treatment
of hypotension.

Dopamine receptors. Two subtypes of dopamine recep-
tors have been recognized."8 The activation of dopamine1
receptors is associated with the dilatation of renal, mesen-
teric, coronary, and cerebral vascular beds. The stimulation
of dopamine2 receptors on postganglionic sympathetic
nerves and autonomic ganglia inhibits norepinephrine re-
lease from sympathetic nerve endings. Thus, the activation
ofdopamine receptors produces peripheral vasodilatation but
does not directly influence contractile function.

Mechanisms ofAction ofPhosphodiesterase Inhibitors
The inhibition of cardiospecific (FIII) phosphodiesterase

is the principal mechanism ofaction of nonadrenergic inotro-
pic agents such as amrinone, milrinone, and enoximone.
Intracellular phosphodiesterases are necessary. for cAMP
degradation, and their inhibition increases intracellular
cAMP concentrations and contractility. Furthermore, the in-
hibition of phosphoprotein phosphatases, the enzymes re-
quired for the dephosphorylation of phosphorylated pro-
teins, produces effects similar to those of increased cAMP.
An increased affinity of contractile elements for calcium also
enhances contractility; this has been proposed as the princi-
pal mode of action of new inotropic agents such as pimoben-
dan and sulmazole.19

Mechanism of Action of Glycosidic Inotropic Drugs
The inhibition of surface-bound "sodium pump" is asso-

ciated with transient increases in intracellular calcium con-
centrations due to increased sodium influx and activation of
the sodium-calcium exchange. This is the proposed mecha-
nism of action of digitalis glycosides.20

Systemic Hemodynamic Effects and Changes in
Cardiac Performance

Most adrenergic inotropic drugs concurrently stimulate
several subtypes of myocardial and peripheral adrenorecep-
tors, and their net effects are determined by the relative dom-
inance of the receptors stimulated. The activation of myocar-
dial 131, (32, and dopamine receptors increases contractility
and improves cardiac performance. The stimulation of pe-
ripheral (2 and dopamine receptors is associated with lower
systemic vascular resistance and arterial pressure, which de-
crease left ventricular ejection impedance and improve left
ventricular performance. Peripheral vasoconstriction and in-

creased systemic vascular resistance and arterial pressure
result from the activation of peripheral a-adrenoreceptors,
which also increase left ventricular outflow resistance. Thus,
the stimulation of peripheral ca-adrenoreceptors may reduce
stroke volume and cardiac output and cause deterioration of
left ventricular function. Table 2 summarizes the expected
systemic hemodynamic effects ofnewer adrenergic inotropic
drugs.

Dopamine and Related Agents
Dopamine hydrochloride and dobutamine hydrochloride.

These agents, the two most frequently used parenteral adre-
nergic inotropic drugs, exhibit some therapeutically relevant
differences in hemodynamic effects. In general, each in-
creases cardiac output, but dopamine causes the pulmonary
capillary wedge pressure to remain the same or even in-
crease, whereas dobutamine causes it to decrease in most
patients.21 Large doses of dopamine may increase total sys-
temic and pulmonary resistance as well as systemic and pul-
monary arterial pressure, thereby increasing the ejection im-
pedance and causing no further increase, or even a decrease,
in cardiac output. With dobutamine use, systemic vascular
resistance decreases, cardiac output increases, and the mean
arterial pressure remains unchanged or even falls. Thus,
when the primary objective is to increase arterial pressures in
hypotensive patients, the use ofdopamine is preferable to that
of dobutamine. Using dobutamine is preferable to using do-
pamine in patients with low cardiac output, adequate arterial
pressure, and elevated pulmonary capillary wedge pressure.

Dobutamine therapy also effectively increases systemic
output in patients with acute right ventricular failure compli-
cating right ventricular infarction.22 It has been shown to be
more effective than digoxin in improving left ventricular
function when given to patients with acute myocardial infarc-
tion.23 When an inotropic agent is necessary for the treatment
of acute pump failure, dobutamine is preferable because it
acts faster than digoxin.

Newer dopaminergic agents. The systemic hemodynamic
effects of newer dopaminergic agents are similar to those of
dopamine, but their relative advantages in managing heart
failure remain to be established. Dopexamine hydrochloride,
an intravenous, short-acting agent, appears to have (32- and
dopamine1-receptor agonist activity. It increases cardiac out-
put and stroke volume while decreasing right atrial and pul-
monary capillary wedge pressures.24 Parenteral propylbu-
tyldopamine has both dopamine1- and dopamine2-receptor
agonist activity. 25 Bromocriptine has dopamine2-receptor ag-
onist activity in peripheral vascular beds and decreases sym-
pathetic activity by a central nervous system mechanism.26
Fenoldopam is a selective dopamine1-receptor agonist.27

Ibopamine. This dopamine analogue undergoes hydroly-
sis to epinine (N-methyldopamine) by esterase hydrolase. An
orally active drug, it exerts both inotropic and vasodilating
effects. Ibopamine appears to activate vascular ca-adrenore-
ceptors, (-adrenoreceptors, and dopamine receptors. It in-
creases cardiac output, stroke volume, and stroke work in-
dexes without reflex alterations in heart rate or in mean arte-
rial, systemic, and pulmonary venous pressures. Transient
increases in right atrial and pulmonary capillary wedge
pressures and in total pulmonary resistance have also been
observed._28

Levodopa. This pro-drug is converted to dopamine by
aromatic amino acid decarboxylase in the liver and other
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tissues. Blood concentrations of levodopa and dopamine
peak one to three hours after oral administration. Following
an oral dose of 1.5 to 2.0 grams of levodopa, systemic hemo-
dynamic effects are similar to those of an infusion of 2.0 to
4.0 ,g per kilogram per minute of dopamine. Cardiac output
usually increases modestly, without a substantial change in
heart rate, blood pressure, or pulmonary capillary wedge
pressure, but systemic vascular resistance decreases.29

Butopamine. This synthetic sympathomimetic amine is
similar to dobutamine except that its resistance to O-methyla-
tion permits oral administration. Although butopamine ex-

erts a positive inotropic effect, it may produce undesirable,
excessive tachycardia.30

Denopamine. Another f-receptor agonist, denopamine
reportedly produces systemic hemodynamic effects similar
to those of butopamine.3

Bronchodilators
Albuterol and pirbuterol acetate are primarily ,82-recep-

tor agonists, although they may exhibit ancillary l1-

adrenoreceptor stimulation. The systemic hemodynamic ef-
fects of albuterol consist of increased cardiac output, a

modestly increased heart rate, and decreased pulmonary
capillary wedge pressure and systemic vascular resistance.32
The systemic hemodynamic effects of pirbuterol are similar
to those of albuterol,33 but undesirable tachycardia has oc-

curred particularly after intravenous administration.

Partial fl-Receptor Agonists
A new approach to the inotropic treatment of heart failure

has emerged with the development of partial 03-receptor ag-

onists. These partial agonists cause less than the full physio-
logic response when all receptors are occupied. On the other
hand, full agonists stimulate the full physiologic response
when all receptors are occupied, and their physiologic effects

Dopamine HCI*...... +++ ++

Dobutamine HCI ..... + +++ +

Albuterol....;. + +++

Pirbuterol acetate + +++

Prenalterol HCI .... - ++
Xamoterol ......... +

Levodopa*........ + + +

lbopamine ........ + +

Dopexamine Hit. + +

are totally inhibited by full antagonists. The pharmacologic
rationale for using partial agonists is that their intrinsic sym-
pathomimetic activity exerts a positive but not excessive ino-
tropic effect. Moreover, partial agonists may also attenuate
the adverse effects of elevated catecholamine levels.

Prenalterol hydrochloride. This partial $-receptor ag-

onist has 70% to 80% of the sympathomimetic activity of
isoprenaline.34 Prenalterol substantially increases cardiac
output and decreases pulmonary capillary wedge pressure

and systemic vascular resistance with little or no change in
arterial pressure or heart rate.

Xamoterol. In contrast to prenalterol, this selective fl1-

receptor agonist has only about 43% of the inotropic and
chronotropic activity of isoprenaline. It does not appear to
have any significant 2-adrenoreceptor-agonist activity. Al-
though xamoterol use usually does not produce any immedi-
ate beneficial hemodynamic effects in patients with severe

heart failure,35 it does appear to benefit patients with mild to
moderate heart failure. The lack of benefit in patients with
severe heart failure may relate to the markedly increased
sympathetic tone and decreased myocardial $-receptor den-
sity usually observed in these patients.

Phosphodiesterase Inhibitors
Although phosphodiesterase inhibitors are structurally

dissimilar to each other and to methylxanthines, they exhibit
similar pharmacologic properties and systemic hemody-
namic effects.7'36-39 The hemodynamic effects include sub-
stantial increases in cardiac output, stroke volume, and
stroke work and decreases in systemic and pulmonary venous

pressures with little or no change in heart rate or mean arte-
rial pressure. With large doses of phosphodiesterase inhibi-
tors, tachycardia and hypotension may develop.

Positive inotropic effects of phosphodiesterase inhibitors
have been documented by various methods. The intra-

TABLE 2.-:Hemodynamic Effects of Selected Adrenergic Inotropic Drugs

R: pr Activation Hemodynamic EffScts
Mean Cardiac Heart

Drug a ?1 12 SVR BP Output Rote PCWP

ft t
t

*- -**

t s.
t t.4.4Y

BP -blood pressure, HaI - hydrochloride, PCWP - pulmonary capillary wedge pressure, SVR - systemic vascular pressure,
+ = activation, - - no effect, t - increase, I -decrease, =no change

'Also activates dopamine1 and dopamine2 receptors.
tActs as a dopamine1-receptor agonist

44.

4

4 4.

44t
4 .4*

.*4 .4*

4 4.

4 4.

4 4.

f4*

44.

44.

44.

44.

f4w

f40.
f4.

TABLE 3.-Potential Indications for Nonglycosidic Inotropic Therapy
Intrvenous ANopanteral

Acute heart failure with hypotension Failure of vasodilators or ACE inhibitors
Acute exacerbation of chronic heart failure with hypotension Intolerance to vasodilators or ACE inhibitors
In combination with vasodilators In combination with vasodilators or ACE inhibitors
"Low output state" after a cardiac operation Refractory heart failure, awaiting cardiac transplantation
Septic shock
Intermittent infusion in chronic refractory heart failure
ACE-angiotensin-converting enzyme
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coronary infusion of low doses of milrinone did not produce
any important systemic hemodynamic effects but did in-
crease left ventricular dp/dt (rate of the rise of pressure),
suggesting enhanced contractility.36 Enoximone, another
phosphodiesterase inhibitor but structurally different from
milrinone, also exerts direct positive inotropic effects.37 In
addition to enhancing contractility and decreasing afterload,
phosphodiesterase inhibitors may improve left ventricular
function by increasing left ventricular distensibility.40 The
mechanism for improved left ventricular diastolic compli-
ance, however, remains unclear. Nevertheless, phosphodies-
terase inhibitors may enhance cardiac performance by sev-
eral mechanisms.

Influence of Inotropic Agents on
Myocardial Oxygen Consumption

The adrenergic inotropic agents dobutamine and do-
pamine usually increase myocardial oxygen requirements as
well as coronary artery blood flow. Because the increase in
blood flow is usually proportional to the increase in myocar-
dial oxygen demand, evidence ofmyocardial ischemia during
inotropic stimulation with dobutamine is relatively uncom-
mon. When tachycardia develops, concurrently compromis-
ing left ventricular diastolic perfusion time and increasing
myocardial oxygen requirements, abnormal myocardial
metabolic function may result. Generally, the more potent
l1-receptor agonists such as dobutamine and dopamine in-
crease myocardial oxygen consumption, whereas the less po-
tent inotropes such as levodopa, xamoterol, and ibopamine
may not.

Phosphodiesterase inhibitors appear to induce primary
coronary artery vasodilatation as coronary sinus venous oxy-
gen content increases, and myocardial oxygen extraction
tends to decrease. Coronary artery blood flow either remains
unchanged or increases. The observation that myocardial ox-
ygen consumption frequently does not increase suggests that
the coronary artery blood flow continues to exceed metabolic
demand.

Clinical Use of Inotropic Agents
Although a large number of adrenergic and nonadren-

ergic agents are undergoing clinical trials, it is unlikely that
any of these agents will be suitable for widespread use, par-
ticularly for the management of chronic congestive heart
failure. Parenteral inotropic drugs, such as dobutamine and
dopamine, and phosphodiesterase inhibitors, such as am-
rinone, milrinone, and enoximone, will continue to have
indications for the short-term treatment of heart failure, as
outlined in Table 3. Prolonged parenteral inotropic drug ther-
apy, however, may be associated with worsening heart failure
resulting from continued inotropic stimulation. Although in-
termittent dobutamine or amrinone infusion can provide
clinical benefit in some patients with severe chronic heart
failure,41 intermittent parenteral inotropic therapy is indi-
cated only for patients refractory to therapy with vasodilators
or angiotensin-converting enzyme inhibitors or for those
awaiting cardiac transplantation.

Many nonglycosidic, nonparenteral inotropic agents have
undergone numerous clinical trials, but none of these agents
have proved to be effective, particularly for producing sus-
tained clinical benefit or improving the prognosis. For exam-
ple, levodopa therapy produced sustained clinical benefit in
some patients with chronic heart failure,29 but long-term

levodopa treatment presents many clinical problems, includ-
ing drug intolerance and undesirable side effects.

Ibopamine has produced clinical benefit during short-
term therapy only.42 A few preliminary placebo-controlled
studies have reported increased exercise tolerance with
phosphodiesterase inhibitors such as enoximone and
milrinone,43 44 but these studies had only short-term follow-
up and did not show longer survival. Indeed, a trend to higher
mortality was observed in patients treated with milrinone.44
Of all nonparenteral inotropic drugs used for the long-term
management of chronic heart failure, digoxin still appears to
be the most effective.44 Thus, the use of new nonparenteral
inotropic drugs, when they become available, should be lim-
ited to the treatment of specific subsets of patients with con-
gestive heart failure (Table 3).

Summary and Conclusions
Additional controlled studies are required to assess the

relative advantages of newer inotropic agents over direct
vasodilators or angiotensin-converting enzyme inhibitors,
both of which have been shown to decrease mortality sub-
stantially. At present, the use of the newer nonglycosidic
inotropic drugs should be restricted to specific subsets of
patients (Table 3).

Ventricular Arrhythmias
GARY S. FRANCIS, MD*: During the 1970s and well into the
1980s, many short-term studies of vasodilators and positive
inotropic agents were conducted in patients with congestive
heart failure. Although the principal objective of these
studies was to establish the hemodynamic benefits of these
agents, a consistent but unreported observation was the high
density of complex ventricular arrhythmias, including coup-
lets, multiformed premature ventricular contractions, and
nonsustained ventricular tachycardia present in patients with
advanced congestive heart failure. Moreover, as the system-
atic follow-up of patients with heart failure became part of
large, multicenter trials, it became apparent that a sizable
proportion ofpatients-about 30% to 40% -die suddenly and
unexpectedly, presumably of ventricular arrhythmias.3
Nearly all patients with symptomatic heart failure have com-
plex ventricular arrhythmias, and 30% to 50% have episodes
of nonsustained ventricular tachycardia by Holter monitor.3
Among the estimated 2 million Americans with congestive
heart failure, those with ventricular arrhythmias represent
the single largest group at risk for sudden death.

Pathophysiology
The mechanisms of ventricular arrhythmias in patients

with congestive heart failure include reentry, abnormal auto-
maticity, and related phenomena after depolarizations and
triggered activity. Congestive heart failure is characterized
by potentiating conditions that may facilitate arrhythmias.
These possible conditions include a combination of myocar-
dial ischemia, mechanical factors, electrolyte imbalance, in-
creased circulating catecholamines, and high basal sympa-
thetic activity, inotropic therapy, or antiarrhythmic therapy.
Myocardial Ischemia

Because a large proportion of patients with congestive
heart failure has underlying coronary artery disease, acute
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myocardial ischemia, silent or clinically overt, may be ar-
rhythmogenic in many patients. This concept has important
therapeutic implications-it suggests that therapies like ni-
trates, fl-blockers, and coronary artery bypass should be con-
sidered for many patients. There is no practical, widely avail-
able method to identify heart failure patients at risk of
suffering myocardial ischemia and subsequent arrhythmias,
however. Ventricular arrhythmias on Holter monitoring in
patients with congestive heart failure have not predicted sud-
den death. Moreover, the potential of anti-ischemic therapy
to produce antiarrhythmic effects in patients with heart fail-
ure and severe coronary artery disease is unclear. There is
little evidence that acute ischemic episodes precipitate life-
threatening ventricular arrhythmias in patients with well-
established coronary artery disease and heart failure. Most
coronary revascularization studies fail to show any lessening
of ambient ventricular arrhythmias. It is most likely that the
myocardial scar rather than acute ischemia per se is the sub-
strate for most sustained, life-threatening arrhythmias, but
without a valid, readily applied method to detect acute isch-
emic episodes in patients with heart failure, the importance
of this potentiating condition remains unknown.

Mechanical Factors
Local mechanical factors in the left ventricle may play a

role in the pathogenesis of arrhythmias in heart failure, espe-
cially in patients with segmental wall motion abnormalities.
The morphology of the electrical signal of the heart can vary
according to mechanoelectric feedback. The abnormal me-
chanics of contraction may initiate an arrhythmia through a
close interaction between membrane and mechanical events
at the cellular level.45 For example, mechanically induced
electrical changes may modify intracellular calcium, which
could affect membrane sodium-calcium exchange46 and
thereby prolong the duration of the action potential. Such
mechanical influences occurring late in the cardiac cycle
could also change intracellular calcium levels to produce
early afterdepolarizations. Given the reduced efficacy of the
use of conventional antiarrhythmic drugs in patients with
congestive heart failure, mechanoelectric disturbances may
be important in generating arrhythmia in this patient popula-
tion. For patients with symptomatic life-threatening arrhyth-
mias and ventricular aneurysms, the only rational therapy
short of heart transplant involves myocardial mapping before
and during aneurysmectomy, sometimes combined with a
bypass operation, antiarrhythmic drugs, and automatic im-
plantable cardioverter-defibrillators.

Electrolyte Imbalance
The prevalence of electrolyte disturbances in patients

with congestive heart failure is well known-hypokalemia
and hypomagnesemia are both associated with complex ven-
tricular arrhythmias. A vigorous use of diuretics and high
levels of circulating aldosterone also contribute to these dis-
turbances. Studies by Dargie and colleagues indicate an im-
portant inverse relationship between serum potassium levels
and ventricular arrhythmias in these patients.47 The influ-
ence of supplemental potassium on ventricular arrhythmias
has not been systematically studied in patients with conges-
tive heart failure, but a reasonable approach would be to
maintain serum potassium levels in the high to normal range,
4 to 5 mmol per liter. The angiotensin-converting enzyme
inhibitors captopril and enalapril, which maintain or increase

serum potassium levels by inhibiting the renin-angiotensin-
aldosterone system, have reduced ventricular arrhythmia
density in some patients with congestive heart failure.48'49

Sympathetic Activity
Sympathetic nervous system activity, measured directly

by neurographic techniques or indirectly by plasma norepi-
nephrine levels,50 is increased in patients with congestive
heart failure.5I There is a clear association between circulat-
ing plasma norepinephrine levels and mortality52 and a sig-
nificant relation between premature ventricular contraction
density and plasma norepinephrine levels4" in patients with
congestive heart failure. f-Adrenergic blockers have im-
proved function in selected patients with dilated cardiomy-
opathy, and administering angiotensin-converting enzyme
inhibitors has produced short-term reductions in plasma nor-
epinephrine levels and ventricular arrhythmias, along with
improved survival, in patients with class IV congestive heart
failure.5 Together these data suggest that excessive sympa-
thetic drive may contribute to the poor survival rate of pa-
tients with congestive heart failure and that treatment to re-
duce sympathetic activity may be beneficial, perhaps in part
through an antiarrhythmic effect.

Inotropic Therapy
Under certain conditions, inotropic therapy, including

digitalis, has a well-known proarrhythmic effect. All posi-
tive inotropic agents have the potential to enhance arrhyth-
mias by inducing acute myocardial ischemia and by direct
effects on transmembrane potential. Large doses of do-
pamine53 and dobutamine54 are clearly arrhythmogenic, and
digitalis was retrospectively implicated in the lower survival
of patients who had sustained a myocardial infarction.55
There are, however, no prospective data on the influence of
digitalis on survival,56 and digitalis remains a widely used
agent to treat congestive heart failure. The National Institutes
of Health and the Department of Veterans Affairs are plan-
ning a multicenter, prospective, placebo-controlled trial to
study the influence of digitalis on survival in patients with
congestive heart failure. Until more data are available from
this and similar trials, all positive inotropic agents, including
digitalis, should be considered potentially arrhythmogenic in
these patients.

Antiarrhythmic Therapy
Another possible cause of life-threatening arrhythmias in

patients with congestive heart failure may be antiarrhythmic
therapy itself. In the Vasodilator-Heart Failure Trial, the use
of antiarrhythmic therapy was a significant risk factor for
shortened survival in patients with heart failure.57 Because
there was no intent to control for antiarrhythmic therapy in
this trial, we cannot know if the increased mortality resulted
from antiarrhythmic therapy or from inherent selection bias.

Antiarrhythmic therapy is generally thought to carry a
10% to 15% risk of proarrhythmia, depending on how that
term is defined.58 In patients with advanced congestive heart
failure, proarrhythmic risk may be even higher. Side-effect
profiles for antiarrhythmic drugs may also be more promi-
nent in these patients, a finding that may relate to greatly
altered pharmacokinetics and pharmacodynamics.59 In addi-
tion, patients with severe left ventricular dysfunction (ejec-
tion fraction of <35%) seem less responsive to antiar-
rhythmic agents.60 One small uncontrolled trial showed no
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difference in survival when 43 patients with severe heart
failure were followed during two years of treatment with a
type IA antiarrhythmic drug versus no antiarrhythmic ther-
apy.9 Thus, left ventricular dysfunction rather than the phar-
macologic control of ventricular arrhythmias may be the
driving force behind the high mortality rate in patients with
heart failure.6" Because of the risks of drug-aggravated ar-
rhythmias, heightened side effects, enhanced myocardial de-
pression, and general ineffectiveness, the empiric use oftype
I antiarrhythmic drugs in patients with asymptomatic ventric-
ular arrhythmias and heart failure is not recommended.

Management
The consensus is that patients with heart failure and

symptomatic ventricular tachyarrhythmias should be treated
following incidents such as a cardiac arrest or an episode of
sustained ventricular tachycardia with lightheadedness.
Some consider electrophysiologic testing to be of value in
patients with symptomatic arrhythmias,62 particularly in
those with ischemic heart disease. A combination of exercise
testing, Holter monitoring, and electrophysiologic testing
has been used to determine the effectiveness of combination
therapy, including giving amiodarone and (3-blockers.63
Signal-averaged electrocardiograms may also be useful in
identifying patients at risk for sudden death. No uniformly
accepted protocol exists, however, to assess antiarrhythmic
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Figure 1.-Cumulative rates of survival without sudden death were compared
for patients who received no antiarrhythmic therapy (closed circles) and
patients who received quinidine, procainamide, or amiodarone (open circles).
The numbers represent study participants available for follow-up (from Simon-
ton et a167).
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Figure 2.-A Kaplan-Meier analysis shows the influence of ventricular extra-
systoles (VES) and the administration of amiodarone on the survival of 84
patients with chronic heart failure (from Cleland et al48).

drug efficacy in treating symptomatic ventricular arrhyth-
mias in patients with heart failure. Nevertheless, the best
approach is to undertake treatment while patients are in hos-
pital and monitored by continuous electrocardiography."
Comprehensive treatment should always include maintaining
an optimal electrolyte balance and hemodynamic status. In
contrast to the general agreement about the treatment of
symptomatic ventricular tachyarrhythmias, substantial con-
troversy continues about the treatment of asymptomatic ven-
tricular tachyarrhythmias in patients with heart failure.65
Electrophysiologic testing in these patients, especially in
those with primary dilated cardiomyopathy, is of limited
value.66

Several small, uncontrolled trials have evaluated empiric
antiarrhythmic drug therapy in patients with congestive heart
failure. An uncontrolled study by Simonton and co-workers
found that antiarrhythmic therapy decreased the frequency of
sudden death in 82 patients treated with phosphodiesterase
inhibitors (Figure 1).67 Of these patients, 43 received no
antiarrhythmic therapy, and the others received quinidine,
procainamide, or amiodarone. At six months, sudden death
had occurred in 29% of patients not receiving antiarrhythmic
therapy and in only 13% of patients receiving antiarrhythmic
drugs. Similar results were reported by Neri and associates,
who noted dramatically reduced premature ventricular con-
tractions in more than 70% of patients with congestive heart
failure treated with amiodarone for three years.68 In a pro-
spective crossover study, Cleland and colleagues also found
that small doses of amiodarone (mean dose, 183 mg per day)
greatly reduced the frequency of life-threatening ventricular
arrhythmias and the overall mortality rate among patients
with severe heart failure (Figure 2). A recently reported ran-
domized, placebo-controlled trial of amiodarone in patients
with severe heart failure failed to show any benefit to drug-
treated patients.69

Although some ofthese studies were not randomized (and
thus were subject to selection bias)48'67'68 and may have been
too small to measure statistically significant effects on mor-
tality,69 they are important because they suggest that
amiodarone can suppress ventricular arrhythmias,48 6'68 and
its use may be reasonably well tolerated69 by patients with
advanced congestive heart failure. Moreover, they bring into
focus a testable hypothesis: Antiarrhythmic drug therapy
may improve survival in patients with congestive heart fail-
ure. Data are as yet insufficient to recommend antiar-
rhythmic drug therapy to prolong the survival ofpatients with
asymptomatic ventricular arrhythmia.

Summary and Conclusions
Life-threatening ventricular arrhythmias are common in

patients with congestive heart failure, and about 30% to 40%
of these patients die suddenly. Many mechanisms are proba-
bly involved in the pathogenesis of these arrhythmias; there-
fore, no single therapy is likely to be effective. Symptomatic
ventricular arrhythmias should be treated; such therapy
might include more than one antiarrhythmic agent, surgical
therapy, and automatic implantable cardioverter-defibrilla-
tors. The role of antiarrhythmic drug therapy for asymptom-
atic ventricular arrhythmias in patients with heart failure
remains uncertain, but preliminary studies suggest that
amiodarone may be useful. The Department of Veterans Af-
fairs has recently begun a randomized, placebo-controlled
trial to test the hypothesis that the use of amiodarone may
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prolong survival in patients with chronic congestive heart
failure.

Ventricular Remodeling After
Myocardial Infarction
BRIAN G. FIRTH, MD, DPhil*: Coronary atherosclerosis with
resultant myocardial infarction is the most important single
cause of heart failure in the United States today. After a first
acute myocardial infarction, overt heart failure develops in
only a minority of patients, but 14% of these patients will
have heart failure within five years and 22% within ten
years.70 Late heart failure may result from further myocardial
infarction, with a further loss of functional myocardium, or
from dilatation and remodeling of the heart.

The amount of irreversibly damaged myocardium after
one or more infarctions is the single greatest determinant of
long-term survival.7" Although the left ventricular ejection
fraction has been widely used as a postinfarction index of
residual myocardial function, Hammermeister and associ-
ates suggested ten years ago that the left ventricular volume
may be a more sensitive predictor of outcome than the ejec-
tion fraction.72 Recent work by White and colleagues sup-
ported this notion with the demonstration that, although the
left ventricular ejection fraction is an important predictor of
postinfarction survival, patients with larger end-systolic vol-
umes at any given ejection fraction have a worse prognosis
over eight years than those with smaller volumes.73 Thus, the
degree of left ventricular dilatation and remodeling following
myocardial infarction appears to be of cardinal importance.

Pathophysiology of Dilatation
Klein, Herman, and Gorlin determined that the stroke

volume could not be maintained without ventricular dilata-
tion if more than 20% of the ventricular wall is destroyed.74
Kitamura and co-workers also drew attention to "the geo-
metric and functional abnormalities ofthe left ventricle" that
occur "with a chronic localized noncontractile area."75 In-
vestigators at Johns Hopkins Medical School (Baltimore,
Md) later attempted to define more precisely the conse-
quences of localized myocardial damage by doing a series of
important studies in humans and in a rat model of myocardial
infarction.

Hutchins and Bulkley performed autopsies on 76 consec-
utive patients who died within 30 days after an acute myocar-
dial infarction.76 Infarct extension-histologically more re-
cent foci of contraction-band necrosis around an infarct-
was noted in 13 autopsies (17%). Infarct expansion, how-
ever-acute dilatation and thinning of the infarct area not
explained by additional myocardial necrosis-was seen in 45
autopsies (59%). Severe infarct expansion did not develop
until five days after infarction and was greater with first and
transmural anterior infarcts.

In a subsequent study, Eaton and associates performed
serial two-dimensional echocardiographic studies of 28 pa-
tients within 14 days of acute infarction.77 They observed a
progressive increase in infarct-segment length in 8 patients,
whom they designated as "expanders," but essentially no
change in infarct-segment length in the other 20. Again,
infarct expansion occurred predominantly in those with large
anterior or anteroseptal transmural infarcts. Expansion was

*Associate Professor, Division of Cardiology, University of Texas Southwestern
Medical Center, Dallas. Dr Firth is now with E.R. Squibb & Sons, Princeton, NJ.

detected by 3 days after infarction and appeared to continue
for at least the first 14 days. In this study, the authors sug-
gested that dilatation and expansion involved only the infarct
region. A subsequent study by this group found lengthening
ofboth the infarcted and uninfarcted segments extended for 3
to 30 months after infarction in 13 patients with transmural
anterior myocardial infarction.78 Of the 13 patients, 7
showed evidence of infarct expansion by two-dimensional
echocardiography, and the segmental dilatation rate averaged
1 mm per month for both infarcted anterior wall and unin-
farcted posterior wall segments. Thus, left ventricular dilata-
tion seems to involve a stretching of both the infarcted and
uninfarcted myocardial segments.

The Johns Hopkins investigators did further studies of
postinfarction myocardial remodeling in rats.79 Transmural
infarcts were produced in 45 rats by ligating the left coronary
artery; rats were killed on days 1, 2, and 3 after infarction.
(In rats, ligating the left coronary artery does not produce
septal infarction, and histopathologic changes, myocardial
thinning, dilatation, and remodeling occur about twice as
rapidly as in humans.) Of the 45 rats, infarct expansion de-
veloped in 28. The 17 without infarct expansion had a mean
infarct size of22% ± 2% of left ventricular mass, which was
significantly smaller than that of the 28 with infarct expan-
sion: Mean infarct size as a percentage of left ventricular
mass was 35% ± 4% for those with 1+, 42% + 5% for those
with 2 +, and 45% ± 5% for those with 3 + to 4+ expansion.
Thus, infarct size does appear to have a bearing on infarct
expansion, but, beyond a certain size, other factors may de-
termine the severity of expansion. In rats showing evidence
of expansion, wall thickness decreased 55% in the infarct
zone and 28% in the remote uninfarcted region. This con-
firmed that the uninfarcted myocardium is intimately in-
volved in the postinfarction dilatation process.

Factors That May Affect Dilatation
Because the infarct size does not appear to be the sole

determinant ofthe severity of infarct expansion after myocar-
dial infarction, Nolan and colleagues investigated the effect
of increased afterload on this process. 0 In that study, 40 rats
were randomly assigned to aortic banding (n = 20) or a sham
operation (n = 20) and allowed to recover for three weeks.
They were then randomly assigned to left coronary artery
ligation (n = 30) or a sham operation (n = 10). Rats were
killed seven days later, and morphologic changes in the
myocardium were characterized. Although infarct size as a
percentage of left ventricular mass was smaller at death in
rats with aortic banding, infarct expansion as measured by
cavity dilatation and infarct thinning occurred in both groups
but was greater in rats with aortic banding.

The extent to which increased afterload per se, as op-
posed to a resultant myocardial hypertrophy, was responsible
for these effects is uncertain. It is also uncertain how the
observed effects ofa short-term increase in afterload relate to
those of chronic systemic arterial hypertension, their clinical
counterpart. Nevertheless, the rat study results seem to be
consistent with the observation that myocardial rupture as a
sequela of infarct thinning and expansion is more common in
patients with systemic arterial hypertension.81 This study
also included the important observation that hypertrophy of
uninfarcted myocardium occurred in response to myocardial
infarction.80 Recent evidence suggests that such hypertrophy
may be pathologic because it may be associated with a change
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in myosin isoform from V1 to V3 and with a localized, de-
pressed coronary artery vasodilator reserve.82

Various other factors may contribute to left ventricular
dysfunction after infarction. These include variable collagen
ingrowth into the infarcted region, subendocardial ischemia,
cellular calcium overload, catecholamine toxicity, decreased
,3-receptor regulation, a reduced amount of myocardial stim-
ulatory guanine nucleotide regulatory protein, dyssynchro-
nous contraction, and interaction between right and left ven-
tricles. In addition, the use of certain drugs, including
corticosteroids and nonsteroidal anti-inflammatory agents,
may aggravate this process.83

Left Ventricular Dilatation in Humans
Recent studies in humans not only confirm many of the

observations in rats but also consider the possible role of
infarct-related artery patency in preventing or ameliorating
left ventricular dilatation. McKay and co-workers did coro-
nary angiography and left ventriculography within the first
few hours of infarction and again at 14 days in 30 patients
who received thrombolytic therapy.84 The only patients in-
cluded in their report were those who showed early improved
flow in the infarct-related artery. Despite this, left ventricular
end-systolic and end-diastolic volume indices increased sig-
nificantly (P < .01) in the group as a whole at two weeks.
The increase in the left ventricular end-diastolic volume in-
dex correlated directly (r = .71, P < .001) with infarct size,
measured as the percentage of the ventriculographic silhou-
ette that was akinetic or dyskinetic at the initial catheteriza-
tion. The mean endocardial-perimeter length increased 13%
in infarcted segments and 19% in uninfarcted segments. At
the same time, decreased left ventricular filling pressures
and increased cardiac output occurred at the expense of a
substantial increase in ventricular chamber volumes.

These investigators also studied the time course of left
ventricular dilatation in 36 patients, with serial radionuclide
ventriculograms taken at 1 and 11 days and at 10/2 months
after acute transmural myocardial infarction.85 In 20 ofthe 36
patients, the left ventricular volume increased more than
20%. Left ventricular dilatation was more frequent and
chronic dilatation significantly more pronounced (P < .01)
in patients with left anterior descending as opposed to right
coronary artery occlusion (Figure 3). These investigators
could not discern a difference in left ventricular volumes or
ejection fraction among patients with successful versus un-
successful thrombolysis at four to six hours.

Jeremy and associates also evaluated the effect of infarct
artery patency on subsequent changes in ventricular volume
and came to a diametrically opposite conclusion.86 In their
study of 40 patients who did not receive thrombolytic ther-
apy, infarct artery perfusion was documented by predis-
charge coronary angiography, and left ventricular volumes
were measured at 48 hours and 1 month after a first acute
myocardial infarction. By multiple linear regression analy-
sis, the degree ofperfusion ofthe infarct artery (r = .58, P =
.001) was a more important predictor of volume change than
was infarct size measured by peak creatine kinase levels (r =
.30, P = .009). Left ventricular dilatation-an increase of
20% or more in volume-occurred in all 14 patients who did
not have perfusion ofthe infarct-related artery but in only 2 of
the 26 patients who had perfusion of this artery due to sub-
total occlusion or collateral vessels. The importance of per-
fusion of the infarct-related artery and the time at which it

should occur to limit left ventricular dilatation remain mat-
ters of considerable debate.

Effects on Dilatation of Therapy With
Angiotensin-Converting Enzyme Inhibitors

Although many factors may affect ventricular dilatation
and remodeling, it seems likely that increased wall stress is
among the most important. Pfeffer and colleagues tested this
hypothesis in a rat model of myocardial infarction.87 At 2 or
21 days following left coronary artery ligation, 104 rats were
randomly assigned to treatment with standard drinking water
or with the angiotensin-converting enzyme inhibitor capto-
pril in standard drinking water. After three months of this
regimen, hemodynamic measurements were made before
and during volume loading experiments, and then the ani-
mals were killed. Although infarct size as a percentage of left
ventricular mass did not differ between the groups, left ven-
tricular end-diastolic pressure was significantly lower (P <
.01) in captopril-treated rats with small, moderate, or large
infarcts. In response to volume loading, captopril-treated rats
had higher peak stroke volumes and lower left ventricular
volumes than control animals. Finally, captopril treatment
improved relationships between diastolic pressure and vol-
ume, allowing infarcted hearts to function at smaller volumes
and lower left ventricular filling pressures.

The same laboratory conducted a later placebo-con-
trolled study of 302 rats with myocardial infarction to deter-
mine effects on one-year strvival of administering captopril
beginning on day 14 after an infarction.88 As expected, sur-
vival was directly related to infarct size in placebo-treated
rats. Overall survival was significantly greater (P < .02) in
the captopril-treated group, however, with the most pro-
nounced benefit occurring in rats with moderate-sized in-
farcts. This improved survival also appeared to be related to
the attenuation of ventricular dilatation.

Finally, this group did a pilot study in 59 patients to assess
the efficacy of prophylactic treatment with an angiotensin-
converting enzyme inhibitor after a first anterior transmural
myocardial infarction.89 Patients, all of whom had left ven-
tricular ejection fractions of45% or lower and no overt heart
failure, underwent cardiac catheterization approximately 18
days after infarction and were randomly assigned to captopril
or placebo treatment for a year. Captopril was discontinued
20 hours before catheterization at one year. At this time,
significant decreases from baseline values were observed in
left ventricular end-diastolic pressure (P < .005), pulmo-
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nary capillary wedge pressure (P < .01), and mean pulmo-
nary artery pressure (P = .05) in captopril-treated but not in
placebo-treated patients. Conversely, left ventricular end-
diastolic volume increased significantly (P < .02) in pla-
cebo-treated but not in captopril-treated patients. Intergroup
analyses for these variables did not achieve statistical signifi-
cance, however.

These preliminary results showed that the two most im-
portant predictors of ventricular dilatation were persistent
occlusion ofthe infarct-related artery at baseline catheteriza-
tion and the extent of wall-motion abnormality, defined as
akinesis plus dyskinesis of 30% or more of the diastolic pe-
rimeter at baseline. The greatest benefit of treatment with the
angiotensin-converting enzyme inhibitor was seen in those
with a closed infarct-related artery and akinesis plus dyskine-
sis of more than 30% (Figure 4). Another recent study by
Sharpe and colleagues evaluated 60 patients after acute
myocardial infarction.90 Their observations also supported
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Figure 4.-An increase
in left ventricular end-
diastolic volume (vol-
ume enlargement) is
shown in patients with
occlusion of the left
anterior descending cor-
onary artery at base-
line catheterization (n
= 36). The dotted line
represents the values
for patients receiving
captopril, the solid line
those receiving pla-
cebo. The asterisk de-
notes significance at P
< .05 (from Pfeffer et
a189).

the conclusion that treatment with angiotensin-converting
enzyme inhibitor may have a beneficial effect on left ventric-
ular dilatation and remodeling.

Summary and Conclusions
Although studies in animals and humans suggest that

treatment with angiotensin-converting enzyme inhibitors
may be beneficial, such data should be regarded as prelimi-
nary until results of the much larger Survival and Ventricular
Enlargement (SAVE) and Studies of Left Ventricular Dys-
function (SOLVD) trials become available. McKay and asso-
ciates have presented a useful hypothesis to explain the se-
quence of events that causes segmental left ventricular
dysfunction to result in increased wall stress and ultimately in
left ventricular dilatation, remodeling, and overt heart failure
(Figure 5).84 Conceivably, angiotensin-converting enzyme
inhibitors may attenuate left ventricular dilatation by unique
properties such as abolishing the toxic effects of angiotensin
II on myocardium or mitigating the effects of reduced
myocardial stimulatory guanine nucleotide regulatory pro-
tein. It seems more likely, however, that effects ofthese drugs
on dilatation relate to reducing systolic and diastolic wall
stress without an accompanying reflex increase in catechol-
amines during the remodeling period.

It is worth recalling that ,8-blockers appear to reduce all
causes of postinfarction mortality, including myocardial rup-
ture and progression to congestive heart failure.9" Thus,
overlapping benefits may accrue from a combined use of
angiotensin-converting enzyme inhibitors and 1-blockers.
Even earlier intervention with such agents, aimed at limiting
infarct size and reducing wall tension as soon as possible
after infarction, may have an even more salutary effect on left
ventricular dilatation than when postinfarction treatment be-
gins within days to weeks.92 Further studies will be needed to
answer these questions definitively and to determine possible
incremental benefits of such therapy in conjunction with
thrombolytic therapy or emergency angioplasty for acute
myocardial infarction.

One conclusion seems clear: To make a serious impact on
the escalating mortality from congestive heart failure, we
will need to intervene much earlier. This implies not only
preventing left ventricular dilatation and remodeling but also
limiting myocardial infarct size and attempting to reduce the
incidence of infarction by dealing more effectively with well-
recognized risk factors such as cigarette smoking, hyperlip-
idemia, and hypertension.

Adjuvant Therapy for
Coronary Reperfusion-
Role of Oxygen-Radical Scavengers?
ROBERT A. KLONER, MD, PhD, in collaboration with KARIN
PRZYKLENK, MD*: In the past, the fate of ischemic myocar-
dium was thought to be determined primarily by the im-
balance between oxygen supply and demand. Interventions
aimed at reducing myocardial ischemic injury either en-
hanced oxygen supply (usually by increasing coronary blood
flow or coronary collateral flow) or reduced oxygen demand
(usually by decreasing the heart rate, afterload, or contractil-
ity). Recent evidence suggests, however, that myocardial in-

Figure 5.-The schematic represents the hypothesis proposed to account for
mechanisms of left ventricular remodeling (from McCay et al84).

*The Heart Institute of the Hospital of the Good Samaritan and the Division of
Cardiology, University of Southern California School of Medicine, Los Angeles.
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jury may be exacerbated by cytotoxic, oxygen-derived free
radicals generated during ischemia or reperfusion. This oxy-
gen-radical theory of ischemic and reperfusion injury raised
the potential for new therapies to attempt to blunt myocardial
damage by scavenging these reactive oxygen species. In this
section we will discuss coronary artery reperfusion as a com-
plex phenomenon with both beneficial and potentially delete-
rious consequences; the oxygen-radical theory of tissue in-
jury; pharmacologic adjuvant therapy for acute myocardial
infarction and stunned myocardium; and the possible role of
agents such as calcium-channel blockers, :-blockers, and
oxygen-radical scavengers.

Coronary Artery Reperfusion Phenomena
Beneficial Effects ofEarly and Late Reperfusion

Coronary artery perfusion after acute myocardial infarc-
tion unquestionably has beneficial effects93: Timely reperfu-
sion has been shown to limit myocardial infarct size,94 to
improve left ventricular function,95 and to enhance sur-
vival.96 Although early reperfusion-within three to four
hours of the start of ischemia-is most likely to salvage isch-
emic myocardium, our laboratory and others have also ob-
served benefits of late coronary artery reperfusion in experi-
ments in animals.

Delayed reperfusion did not reduce infarct size or salvage
previously ischemic myocardium, but it did produce a thicker
infarct scar and reduce myocardial infarct expansion.9' In
addition, late coronary reperfusion appeared to have benefi-
cial effects on ventricular arrhythmias, as assessed by ambu-
latory electrocardiographic monitoring four days after coro-
nary artery occlusion. 98 Reperfusion six hours after
occlusion reduced the total runs of ventricular tachycardia as
well as the frequency of runs of greater than 200 beats per
minute and of runs longer than 60 seconds. Finally, late
reperfusion resulted in a patent, infarct-related coronary ar-
tery, which may serve as both a source of coronary collateral
blood flow to otherjeopardized areas of the heart and a route
by which pharmacologic agents such as antiarrhythmics can
penetrate peri-infarct tissue. The beneficial effects ofdelayed
reperfusion may in part explain the reduced mortality ob-
served in patients receiving thrombolytic therapy as late as 13
to 24 hours after symptoms began in the Second International
Study of Infarct Survival (ISIS-2) trial99 and the reduced
mortality without reduced infarct size observed in the west-
ern Washington trial. II

Potentially Deleterious Effects ofReperfusion
The potentially deleterious consequences of reperfusion

have been reviewed in detail previously93 and include explo-
sive cell swelling, hemorrhagic myocardial infarction, the
no-reflow phenomenon, "stunned myocardium," "reperfu-
sion injury," and ventricular arrhythmias. Cytotoxic oxygen
radicals, formed during ischemia and reperfusion, are
thought to play an important role in some of these deleterious
effects, including stunned myocardium, reperfusion injury,
no-reflow, and reperfusion arrhythmias.'0'

Oxygen-Radical Theory of Tissue Injury
A free radical is a molecule with an odd, unpaired elec-

tron. This unpaired electron makes the molecule unstable
and highly reactive. Reactive oxygen species thought to be
generated during ischemia and reperfusion-the superoxide
anion, the hydroxyl radical, and their intermediary hydrogen

peroxide-can result in lipid peroxidation of membranes and
denaturation of proteins. Such damage can impair cell-mem-
brane permeability, lead to altered function of myocardial
cellular organelles including sarcoplasmic reticulum, and
possibly result in cell death. 02 Exposure of the myocardium
to oxygen radicals can result in myocyte injuryl03 and de-
pressed cardiac function.'04

Evidence from these in vitro and in vivo experiments
suggests that oxygen-centered radicals may be generated dur-
ing ischemia and reperfusion. Oxygen radicals have been
detected in the myocardium and coronary effluent of hearts
subjected to transient ischemia.'05 Other investigators have
documented depletion of the normal, endogenous enzymatic
defenses against free-radical injury following transient isch-
emic episodes, suggesting that oxygen free radicals may have
been present in the myocardium during ischemia and reper-
fusion. Potential sources for the generation of oxygen radi-
cals during ischemia and reperfusion include the xanthine
oxidase reaction,'06 although this reaction is species depen-
dent'07; activated neutrophils'08'09; mitochondria' 1; and
arachidonic acid metabolism.

Adjuvant Therapy for Acute Myocardial Infarction-
A Potential Role for Oxygen-derived
Free-Radical Scavengers?

Adjuvant therapy for acute myocardial infarction refers to
the administration of pharmacologic agents along with
thrombolytic therapy or angioplasty to further improve out-
come. Acute adjuvant pharmacologic therapy could improve
the function ofthe heart by enhancing the recovery of stunned
myocardium (postischemic dysfunction of viable, reperfused
myocytes); increase the "window in time" in which reperfu-
sion effectively reduces myocardial infarct size so the adju-
vant agent plus reperfusion would reduce infarct size more
than reperfusion alone; maintain vessel patency following
thrombolysis, thereby reducing the incidence of reocclusion;
and reduce or prevent reperfusion arrhythmias. We will dis-
cuss adjuvant therapy for stunned myocardium and reper-
fused infarction as well as the possible role of adjuvant
agents, such as calcium blockers, ,-blockers, and oxygen-
radical scavengers, administered during the acute phase of
ischemia and reperfusion.

Adjuvant Therapyfor Stunned Myocardium
The term "stunned myocardium" refers to viable myo-

cardium, salvaged by reperfusion, in which there is pro-
longed but reversible postischemic contractile dysfunc-
tion.11' This phenomenon was first described following 15
minutes of coronary artery occlusion in dogs. This ischemic
period did not cause myocyte death but did cause abnormal
regional contractile function in salvaged tissue, an effect that
persisted for hours to days after reperfusion. This myocar-
dial dysfunction occurred after prolonged transient coronary
artery occlusion-a subendocardial infarct was produced in
two hours. In this instance, however, subepicardial tissue
salvaged by reperfusion remained stunned for days to weeks
after reflow.11'

Considerable experimental evidence suggests that oxy-
gen-derived free radicals play a role in the pathogenesis of
stunned myocardium. This hypothesis is supported by sev-
eral studies in which potent free radical-scavenging en-
zymes, superoxide dismutase plus catalase, were adminis-
tered preceding 15 minutes of coronary artery occlusion in
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anesthetized open-chest dogs. Pretreatment with the scav-
enging agents consistently enhanced regional contractile
function of stunned, postischemic tissue during the initial
two to three hours after reflow compared with that of controls
pretreated with a saline solution.112 Similar beneficial results
were more recently obtained with other free-radical scaven-

gers, as reviewed by Bolli.113 Antioxidants, iron chelators,
quenching agents, and spin traps'051 l13 have all been shown to
improve contractile function of postischemic, stunned
myocardium in the canine model.

There is little doubt that oxygen free radicals contribute to
the phenomenon of stunned myocardium, but sources of
these free radicals-the xanthine oxidase reaction,106'107 acti-
vated neutrophils, 108'109 the mitochondrial electron transport
chain,110 or arachidonic acid metabolism-in these models of
brief, transient ischemia remain speculative. For example,
Engler and Covell reported that the virtual elimination of
neutrophils by leukocyte filtration ablated postischemic con-

tractile dysfunction produced by 15 minutes of coronary ar-

tery occlusion in anesthetized dogs.114 In contrast, other in-
vestigators failed to document any beneficial effect of
neutrophil filtration115 or suppression'16 on the recovery of
regional contractile function in dogs. Furthermore, both our
laboratory"'7 and others118 have found that transient coronary
artery occlusion does not appear to be associated with neu-

trophil infiltration. Thus, the importance of neutrophils in
the pathogenesis of stunned myocardium in models of brief
ischemia is questionable. Two- to three-hour periods of isch-
emia causing myocardial cell death have been associated with
neutrophil influx following reperfusion, however'08; thus,
neutrophils could contribute pathogenically to the phenome-
non of stunned myocardium in the peri-infarct zones.

It should be noted that all agents that scavenged,
quenched, or otherwise inhibited free-radical production re-

stored the contractile function of stunned myocardium to a

maximum of only 50% to 70% of baseline preocclusion val-
ues." 2 These data suggest that other mechanisms-including
abnormalities in calcium metabolism, abnormal energy
transduction, and the low-reflow phenomenon-may also be
important causes or mechanisms of postischemic contractile
dysfunction. Several recent studies suggest that alterations of
calcium flux may contribute to the phenomenon of stunned
myocardium. Intravenous nifedipine administered 30 min-
utes after reperfusion" 9 in anesthetized dogs virtually ab-
lated stunned myocardium. The parenteral administration of
nifedipine may have enhanced the return of function of
stunned myocardium by reducing afterload or increasing
postreperfusion myocardial blood flow. A minute intra-
coronary dose of nifedipine, however, which did not alter
hemodynamics or regional myocardial blood flow, also re-
stored the function of stunned myocardium, suggesting that
the drug had a direct effect on myocardial cells. "19 The treat-
ment of stunned myocardium with verapamil-before occlu-
sion, at reflow, or 30 minutes after reperfusion-also en-
hanced the return of function.'20

Could there be a connection between the beneficial ef-
fects of oxygen-derived free-radical scavengers and calcium
blockers? Theoretically, these two seemingly diverse mecha-
nisms may be interrelated. Oxygen free radicals generated
during ischemia and reperfusion can cause lipid peroxidation
of cell membranes. Damaged membranes could make
myocardial cells more susceptible to alterations in calcium
flux. These alterations might include not only the influx of

calcium into cells but also fluxes ofcalcium within intracellu-
lar pools-between the sarcoplasmic reticulum and actin-
myosin filaments. In addition, the conversion of xanthine
dehydrogenase to xanthine oxidase (important in the ultimate
generation of superoxide radicals) is thought to be mediated
by calcium-dependent proteases. Thus, these hypothetical
links between oxygen radicals and alterations in calcium flux
may play a role in the pathogenesis of stunned myocardium.

Other adjuvant therapies have been explored in models of
stunned myocardium. The use of angiotensin-converting en-
zyme inhibitors and afterload reducers like hydralazine have
improved the function of stunned myocardium.121

Adjuvant Therapy to Reduce Myocardial Infarct Size
Timely coronary artery reperfusion unquestionably re-

duces myocardial infarct size, but whether adjuvant pharma-
cologic therapy can reduce infarct size more than reperfusion
alone remains controversial. Various types of pharmacologic
agents have been tested as adjuvants. In some studies, admin-
istering pharmacologic therapy during both ischemia and
reperfusion was shown to be ofbenefit. In anesthetized dogs,
Reimer and Jennings observed that administering verapamil
preceding a 40-minute coronary artery occlusion plus reper-
fusion reduced infarct size more than reperfusion alone. 122
With the duration of ischemia extended to three hours, how-
ever, the beneficial effect of the calcium blocker was lost.
Similarly, our laboratory reported that the intracoronary ad-
ministration of verapamil did not reduce infarct size more
than reperfusion alone.123

Some studies have suggested that 3-blockers combined
with reperfusion may further limit myocardial infarct size.
Hammerman and co-workers showed that administering ti-
molol during a three-hour experimental coronary artery oc-
clusion followed by reperfusion reduced myocardial infarct
size. 121 Studies in other experimental models, however, sug-
gested that the use of propranolol did not reduce myocardial
infarct size. 125 A potential mechanism ofboth calcium and j3-
blockers in these models is reducing oxygen demand during
ischemia.

Certain forms of adjuvant therapy have been shown in
large clinical trials to be beneficial. For example, in the ISIS-
2 collaborative group trial, the combination of streptokinase
with aspirin reduced the incidence of vascular deaths due to
suspected acute myocardial infarction more than the use of
either agent alone.99 Aspirin therapy also reduced the inci-
dence of nonfatal reinfarction that was observed with using
streptokinase alone. In the Phase II Thrombolysis in Myocar-
dial Infarction trial, the combination of tissue plasminogen
activator plus early metoprolol therapy reduced the incidence
of nonfatal reinfarction and recurrent ischemic episodes.126
Data on the role of calcium blockers in patients receiving
thrombolytic therapy are limited. In patients without throm-
bolysis, calcium blockers have generally not reduced infarct
size or prolonged survival. Some have been shown to reduce
the severity of postinfarct angina pectoris and possibly to
reduce the incidence of reinfarction after non-Q-wave infarc-
tion. Table 4 lists possible forms of adjuvant pharmacologic
therapy for acute myocardial infarction.

Oxygen-derived Free Radicals and Reperfusion Injury
Investigators have postulated that oxygen-derived free-

radical scavengers might serve as useful adjuvant therapy for
acute myocardial infarction.127 This concept is based on the
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hypothesis that oxygen radicals generated during reperfusion
can irreversibly damage a population of myocytes-"reper-
fusion injury."'27 This suggests that if oxygen radicals are

prevented from forming or are scavenged at reflow, reperfu-
sion injury may be blunted. Considerable controversy sur-

rounds both the concept of reperfusion injury per se and the
ability of oxygen-radical scavengers administered during re-

perfusion to prevent it. Most experimental studies have used
canine models of40 to 120 minutes of coronary artery occlu-
sion followed by reperfusion, with an oxygen-radical scaven-

ger or placebo given at reflow. Some investigators observed a

substantial reduction in infarct size in animals treated with
free-radical scavengers,127 128 whereas others noted benefi-
cial effects. 129.130

Our laboratory also investigated reperfusion injury in
anesthetized dogs using an open-chest method. 131 We admin-
istered superoxide dismutase and catalase after two hours of
coronary artery occlusion and maintained treatment for the
initial four hours of reperfusion. Four hours after reflow, we
observed no overall reduction in infarct size. A retrospective
analysis of these data, however, revealed a small subset of
moderately ischemic animals in which acute necrosis was

less than in controls given a saline solution. We also observed
that treatment with superoxide dismutase and catalase
blunted the no-reflow phenomenon; regional myocardial
blood flow in the previously ischemic endocardium and mid-
myocardium was considerably greater in treated animals than
in saline controls. Electron microscopy showed that en-
hanced flow after reperfusion in the enzyme-treated animals
was accompanied by the preservation of subendocardial mi-
crovasculature. Thus, our data suggest that oxygen-radical
scavengers consistently reduced microvascular injury pro-
duced by two hours of coronary artery occlusion and four
hours of reflow but limited acute myocytic injury in only a
small group of dogs. In contrast to results obtained in models
of transient (15 minutes) occlusion, superoxide dismutase
and catalase had no beneficial effect on the return of cardiac
function after prolonged (two hours) ischemia. Thus, oxygen
radicals may be important contributors to stunned myocar-
dium induced by brief ischemia but are less important in
models of prolonged ischemia followed by reperfusion.

Oxygen-radical scavengers may have another important
role. Experimental studies in the surgical literature suggest
that oxygen-radical scavengers administered as supplements
to standard cardioplegic solutions may enhance tissue preser-
vation. 132 A clinical study is being planned to investigate the

effect of oxygen-radical scavengers in patients undergoing
cardiopulmonary bypass.

Summary and Conclusions
Although timely reperfusion reduces myocardial infarct

size, reperfusion may also have deleterious consequences.
For example, contractile function of the previously ischemic
tissue can remain depressed or stunned for hours to days
following reflow. Oxygen free radicals may play a role in this
phenomenon. Various studies have reported that free radical-
scavenging agents improve contractile function of myocar-
dium stunned by a brief (15-minute) ischemic episode. Cal-
cium-channel blockers have also been shown to enhance the
function of stunned, previously ischemic myocardium, lead-
ing to speculation that these two seemingly diverse mecha-
nisms may be interrelated.

Oxygen radicals may also contribute to so-called reperfu-
sion injury, but this hypothesis remains controversial. Ad-
ministering free radical-scavenging agents during reperfu-
sion does not appear to enhance cardiac function in models of
prolonged (two-hour) occlusion followed by reflow, and
studies of the effect ofthese agents on myocardial infarct size
have shown mixed results. Oxygen-radical scavengers may
protect against the no-reflow problem.

Clinical studies provide evidence that other forms ofadju-
vant therapy (aspirin, (3-blockade) may be beneficial in pa-
tients with reperfused infarcts. Ongoing and planned clinical
studies are assessing the effects of oxygen-radical scavengers
as therapy adjuvant for coronary artery reperfusion following
infarction and for cardioplegia in patients undergoing cardio-
pulmonary bypass procedures.
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